Macrophages display different phenotypes that can switch in response to their micro-environment. In our earlier study (Chiang, C. S., Liu, W. C. and Jung, S. M., 2005. Compartmental responses after thoracic irradiation of mice: strain differences. Int. J. Radiat. Oncol. Biol. Phys. 62:862) on radiationinduced cytokine expression in lung lavage samples, there was a suggestion that the procedures used to harvest lung macrophages affected the profiles they expressed. To further explore this issue, we examined gene expression by cell populations, mainly macrophages, isolated by lavage from lung and peritoneal cavity following either in vivo or in vitro stimulation with LPS, IFN-g or irradiation. We found that expression of mRNA for tumor necrosis factor-alpha, IL-1a/b and IL-6 varied several fold depending on whether the assay was performed on cells immediately after isolation or after in vitro manipulation. The relative level of inducible nitric oxide synthase (iNOS) to arginase I (Arg I), which is frequently used as index of the M1 versus M2 functional macrophage phenotype, also varied. LPS stimulation in vivo was able to change the profile from Arg I expression to one where the iNOS pathway became dominant, but was unable to do this in vitro. This contrasts with the ability of IFN-g to generate an iNOS-dominant pathway in vitro, but not in vivo. This study cautions that the expression of inflammatory cytokines and the iNOS to Arg I ratio, which is often used as an index of their functional capacity, varies with the experimental conditions.
Introduction
Macrophages are a front line host defense system that can express diverse activities depending on the stimuli they encounter (1, 2) . Many of these activities appear mutually antagonistic in nature, such as pro-inflammatory versus antiinflammatory, immunogenic versus tolerogenic and tissue destructive versus tissue restorative (2) (3) (4) . Cytokine expression patterns or the ratio of nitric oxide synthase (iNOS) to arginase I (Arg I) gene expression are commonly used as readouts of macrophage functional status (4) (5) (6) (7) (8) (9) . However, these functional phenotypes are reversible. Macrophages are very flexible in adapting to changes in their microenvironment (5, 10, 11) , suggesting that they might be tuned for therapeutic benefit (11) .
The rapid response of macrophages to environmental change indicates that the functional expression profiles of macrophages may also vary with the procedure that is used to isolate them, for example purification by culture dish attachment or using antibody plus magnetic beads. Adherence of monocytes (MO) to extracellular matrix or tissue culture plastic is known to activate them to express a multitude of genes. For example, Krause et al. (12) showed that, following LPS stimulation, MO primed by cell adhesion produced more IL-8 and tumor necrosis factor-alpha (TNF-a) but less granulocyte colony-stimulating factor. Our previous study on radiation-induced cytokine gene expression pattern by bronchoalveolar lavage cells (BACs) showed that isolation procedures influenced the results that were produced and could impact the conclusions that are drawn (13) . In this study, we further examined the importance of whether inflammatory cytokine profiles and their relative expression of iNOS and Arg I are assessed in vitro or in vivo. Our results further caution that the assay procedures affect cytokine gene expression and in particular the iNOS to Arg I ratio that is often used as a functional readout for macrophageelicited immune reactions.
Methods

Mice and treatments
C3H/HeN and C57BL/6J mice were purchased from the National Laboratory Animal Center, Taiwan, and housed in National Tsing Hua University Laboratory Animal Center, Taiwan. Seven-to 8-week old male mice were used for experiments. All mouse care followed the recommendations of the approved guide for the care and use of laboratory animals by the Institutional Animal Care and Use Committee (approval number: 09508) of National Tsing Hua University, Taiwan.
LPS, IFN-c and radiation treatment
For in vivo studies, LPS (2.5 mg kg À1 ) (Sigma-Aldrich, St Louis, MO, USA) or recombinant mouse IFN-c (0.5 mg kg À1 ) (R&D Systems, Minneapolis, MN, USA) in 100 ll PBS was injected intra-peritoneal (i.p.) per mouse. For in vitro studies, 0.1 lg ml À1 of LPS or 10 ng ml À1 of IFN-c was used. For in vivo irradiation, groups of five unanesthetized mice were placed in a circular plexiglass rotating jig to receive total body irradiation. Radiation was delivered at 2 Gy min À1 using a 137 Cs irradiator (model Gammacell 1000 Elite, Nordion International Inc., Ontario, Canada). Cells were harvested at indicated time. For in vitro studies, cells in Corning ultralow attachment culture dish [Corning (product number: 3261), Lowell, MA, USA] were irradiated by same irradiator. For all experiments, three mice per group were used and the experiments were repeated three times.
Bronchoalveolar cells
Mice were euthanized via an i.p. overdose of pentobarbital. Immediately upon achieving adequate esthesia, a cervical incision was made and a blunt dissection was performed, exposing the trachea. A 14-gage angiocatheter was inserted into the trachea and sutured in place. Lung was lavaged by instilling 3 ml aliquots of normal saline three times. Effluent was recovered by gravity drainage. The cells were centrifuged down at 200 3 g for 3 min in Boeco U320 centrifuge (Germany). They were either immediately subjected to RNA isolation or re-suspended in 5 ml PBS with LPS added or irradiation with 20 Gy, followed by incubation for 2 or 6 h in a Corning ultralow attachment culture dish before RNA isolation. Each experiment contains RNA pooled from three mice and the experiment was repeated three times.
Peritoneal cells
Resident peritoneal cells (PECs) were obtained from PBS-(control), LPS-or IFNc-treated mice at 2 or 5 h after treatment. The mice were euthanized via CO 2 inhalation. Immediately after mice died, 3 ml of PBS were injected into the peritoneal cavity and then redrawn with same needle. This procedure was repeated twice. The collected PECs were spun at 200 3 g for 3 min in Boeco U320 centrifuge and either immediately subjected to RNA or protein isolation or re-suspended in 5 ml PBS and cultured in a Corning ultralow attachment culture dish in the presence or absence of LPS or IFN-c for 2 or 5 h before the RNA or protein isolation, respectively. Each experiment contains RNA or protein pooled from three mice and the experiment was repeated three times.
RNA isolation and RNase protection assay
Total RNA was isolated from cells pooled from three mice using Trizolâ reagent (Invitrogen, Carlsbad, CA, USA). Two sets of murine plasmid constructs were used. One set contains mIL-1a, mIL-1b, mTNF-a, mIL-2, mIL-3, mIL-4, mIL-5, mIL-6, mIFN-c and a control RPL-32 (mL32). The second probe set contains iNOS, Arg I and RPL-32. The technique used for RNase protection assay (RPA) has been described in detail elsewhere (14) . To get accurate comparisons, gels were exposed to film for various times and analyzed by Scion Image software (free software from http://www. scioncorp.com). The relative scan intensity of each lane subtracts the average intensity of five background regions was used as index for the plot. The experiment was repeated three times, but only one representative RPA profile was scanned and presented in the Results.
Western blot
Cells pooled from three mice were washed in ice cold PBS and lysed on ice in M-Per buffer (Pierce, Rockford, IL, USA) with protease inhibitor cocktail (Complete, Roche, Indianapolis, IN, USA) for 20 min. Extracts were centrifuged at 10 000 3 g for 20 min at 4°C by Sigma 3-18K centrifuge (Germany). Protein concentration was determined by micro-BCA (Pierce). The lysates were boiled for 5 min in the presence of SDS sample buffer, resolved by 12% SDS-PAGE and electrophoretically transferred to polyvinylidene fluoride membranes (Immun-Blot PVDF; Bio-Rad, Hercules, CA, USA). The membranes were incubated with blocking buffer (5% non-fat dry milk and Tris-buffered saline with 0.1% Tween 20) for 1 h at room temperature and incubated overnight at 4°C with primary antibodies, followed by horse-radish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG antibody (Pierce). Finally, the reaction was visualized with a super signal chemiluminescence western blotting kit (Pierce). The experiment was repeated three times, but only one representative western profile was presented in result section.
Preparation of carboxyl group coated CdSe/ZnS quantum dots
CdSe/ZnS core/shell quantum dots (QDs) were synthesized according to the published procedures (15, 16) . The surface of QDs was further coated with carboxyl group by ligand exchange with 11-mercaptoundecanoic acid (17) . These carboxyl group-coated QDs are water soluble.
Phagocytosis assay
For low-adhesion assay, CdSe/ZeS QDs (1 lg ml
À1
) were incubated with 10 6 ml À1 of fresh isolated resident PECs in Corning ultralow attachment culture dishes for 30 min at 37°C or on ice as a control to exclude the possibility of the measurement of the membrane-attached particles. The cells did not firmly adhere to the plate and were collected by pipette. For the high-adhesion assay, freshly isolated resident PECs (10 6 ml
) were incubated in Petri dishes for 2 h at 37°C. The non-attached cells were removed by three washes with PBS. The QDs (1 lg ml À1 ) were then added into the attached cells for another 30 min at 37°C or on ice for the controls. The cells (high-adhesion experiment) were then gently removed by cell scrapers (BD Falcon). After three washes with PBS, the red fluorescent intensity of QDs was measured by flow cytometry (CyFlowâ, Partec, GmbH) at FL-2 channel. The percentage of macrophages was quantitated by flow cytometry using FITC-conjugated anti-CD11b antibody (BD PharMingen). The relative mean red fluorescent intensity of phagocytic QDs was obtained by gating the percentage of CD11b+ population.
Results
Inflammatory cytokine gene expression profiles of BACs after in vivo and in vitro stimulation
Our earlier study on radiation-induced lung damage found that BACs, which were mainly (>98%) composed of macrophages, displayed very low-expression levels of proinflammatory cytokine genes when assayed by RPA immediately after isolation (13) . These signals were lower than other reports (18, 19) . We suspected that this discrepancy was the result of differences in assay procedures. To examine this, BACs were isolated from mice by lavage before treatment and at 2, 4, 8 and 12 h after i.p. LPS injection. The RNA isolation agent, Trizol, was added immediately for RNA isolation (in vivo assay). Except for a barely detectable IL1b mRNA signal at 2 h, we found no expression of proinflammatory cytokines by RPA with this experimental protocol [ Fig. 1A, left side (LPS in vivo) ]. This contrasts to the general understanding that LPS induces pro-inflammatory cytokine production by such cells (20, 21) , which is mainly based on assessment by ELISA assays. One may argue that LPS given by i.p. injection might not enter the alveolar lumen within 12 h; however, our experience is that this can induce strong inflammatory reactions in lung tissues within 2 h (22).
To determine in vitro cytokine gene expression by lung macrophages, BACs isolated from control mice were cultured in the presence or absence of LPS (0.1 lg ml
À1
) or irradiated by 20-Gy radiation. After 2 or 6 h in vitro incubation, cells expressed a typical pro-inflammatory cytokine mRNA profiles, with enhanced TNF-a, IL-1a/b and IL-6 expression [ Fig. 1A , the control lane of right-hand side (in vitro part) and the CON data set of Fig. 1B] . The fact that cytokines were expressed in control BACs indicates that short-term period of cell culture is able to enhance cytokine gene expression profiles. In fact, the high levels of cytokine expression in these cells made it difficult to see the in vitro effects of LPS or 20-Gy radiation.
Inflammatory cytokine gene expression profiles by PECs differs depending on if the assays are in vivo or in vitro
To verify whether the findings in BACs also occurred with macrophages from other sources, the experiments were repeated using PECs. The result (Fig. 2) confirmed that PBSinjected control resident PECs express very low levels of pro-inflammatory cytokines (control lane in PEC/in vivo part of Fig. 2A ) and this was increased if naive control cells were cultured for 2 h (control lane in PEC/in vitro part of Fig. 2A) .
BAC samples give less amounts of RNA, which could have been the cause of the lack of signal from these cells assayed immediately after isolation, but PECs give a large amount and, even after long film exposure with high mRNA loading, there was no signal. These results clearly demonstrate that the expression levels of pro-inflammatory cytokine mRNAs are very low in unstimulated resident macrophages whether they come from lung or peritoneum but can be stimulated by culture for merely 2 h. Similar to BACs, the fold increase of LPS-or 20 Gyinduced TNF-a, IL-1a, IFN-c, IL-6 and IL-1b mRNA levels in PECs depended on whether stimulation was applied in vivo or in vitro (Fig. 2B) . For example, TNF-a and IFN-c were not induced by 20 Gy in vivo, but were significantly induced after in vitro irradiation. On the other hand, because of the high levels of expression of IL-6 and IL-1b on in vitro incubation, it was difficult to see much of an additional effect of irradiation.
Relative ratio of iNOS to Arg I expression by PECs
The relative ratio of iNOS to Arg I is frequently used as a functional readout to differentiate M1 from M2 macrophages. Both enzymes compete for the same precursor, arginine, but produce different products, which affects macrophage function. We therefore assayed for iNOS and Arg I expression by resident PECs at both mRNA and protein levels. Immediately after isolation, PBS-injected control resident PECs expressed Arg1, but not iNOS [ (Fig. 3B) except that the relative ratio from RPA data was not proportional reflected in western blot assay, which is probably a sensitivity issue of antibodies used. On the other hand, the reverse results were found if IFN-c was used. IFN-c in vivo drove an Arg I-dominant pathway, but in vitro an iNOS-dominant pathway, although the latter was less evident in western blot assay (Fig. 3B) , which is again probably an issue of the sensitivity of the antibodies used.
The finding that PECs could display different functional phenotypes depending on whether they were stimulated in vitro or in vivo was not only restricted to C3H/HeN mice, but was confirmed in C57Bl/6J mice (Figs 3D, C and 4B) using LPS stimulant.
Phagocytic activity of PECs is altered by attachment
The above experiments demonstrate that the gene expression profiles of macrophages could be altered by experimental procedures. To further examine the influence of cell attachment on PEC function, the ability of PECs to engulf the nanoparticles was compared by flow cytometry (Fig. 5) . Figure 5 (A) shows that 2-h attachment of PECs to Petri dishes could enrich the CD11b-positive population from 59.2 to 84.3%, but the mean fluorescent intensity of these cells, and hence phagocytic activity, was reduced from 619 to 300 (compare Fig. 5Ac and d) . When attached (2 h) PECs were compared with PECs cultured in ultralow attachment dishes in the presence or absence of LPS, all adherent cells were less efficient in taking up the foreign particles ) in 100 ll PBS and PECs were collected 2 h after PBS (control), LPS or IFN-c injection. For the in vitro assay, the PECs from naive control mice were cultured in Corning ultralow attachment culture dish in the presence or absence of 0.1 lg ml À1 LPS or 10 ng ml À1 of IFN-c. RNA and protein samples were harvested at 2 and 5 h, respectively, after the stimulation.
( Fig. 5B) . Similar results were obtained in using FITC-labeled Escherichia coli as phagocytic particles (data not shown).
Discussion
Activation of mononuclear phagocytes by adhesion can lead to 'priming' for the production of some cytokines and, at the same time, to 'silencing' for the production of others (12) . In this study, we found the same in both BACs and PECs, where macrophages were the major responding cells, following either radiation or LPS treatment. Furthermore, we demonstrate that an M2 type macrophage profile in PECs could be altered in response to stimulus, depending not only the type of stimulus but also whether they were given in vitro or in vivo or if the cells were allowed to attach the plate. Because PECs contain many cell types, peritoneal macrophages are frequently enriched by attachment to the surface of Petri dishes or by antibody capture/depletion separation methods. Our results demonstrate that the adhesion to culture dish, even in ultralow attachment culture dishes, affects cytokine gene expression levels. This partially supports the concept that the adhesion is a priming event for macrophages (12) . While cytokine gene expression levels are generally used as an index for inflammatory response, this priming effect may not be so critical when a strong stimulator such as LPS is used. However, it becomes an important issue when a weak inflammatory stimulus such as radiation is used, when even a short period adhesion to ultralow attachment culture dishes can induce expression of TNF-a, IL-1a/b, IL-6 and INF-c. In other words, in vitro the basal levels of those genes are higher than in vivo, which may confound the explanation of experimental results. For example, we found that IL-1b and IL-6 produced by PECs were clearly induced by irradiation in vivo (8.0-and 40.2-fold increases, respectively), but not so easily detected in vitro (1.1-and 1.3-fold increases, respectively) ( Fig. 2 ), mainly because the control level in the former is much lower than in the latter, which makes it easier to detect minor changes. On the other hand, it could be argued that macrophages are primed by adhesion and are, as a result, more responsive to activation than unprimed macrophages. For example, 20-Gy irradiation in vitro could stimulate TNF-a production by PECs because they are primed by in vitro culture (Fig. 2) , but this priming step will not occur in vivo.
We found that adhesion of peritoneal macrophages altered their maturation status, as demonstrated by them having less phagocytic ability, and also they varied their responses to different stimuli. For example, adhered PECs shifted their functional phenotype from M2 to M1 following IFN-c stimulation, while this was not the case for LPS stimulation. Stout et al. (5) recently proposed a concept of 'functional adaptivity' for macrophages to emphasize the importance of the micro-environment or 'priming' on macrophage functional phenotypes. They demonstrated that LPS induced an M1 or M2 phenotype in vitro depending on the priming factor. For example, following LPS stimulation, IFNc-primed bone marrow-derived macrophages expressed an iNOS-dominant pathway, while when primed with IL-4/IL-10, they expressed an Arg I-dominant pathway. In contrast to our findings with PECs, they did not detect iNOS or Arg I protein expression without priming. This could be due to differences in the subtype of macrophages or in cell adhesion time (48 versus 2 h). It does, however, indicate the importance of priming in macrophage responses to stimulation and a simple adhesion purification step may skew or mask responses. For example, Ghassabeh et al. of these genes, such as Pafah, prosaposin and Gas3, could not be induced using M2 stimuli in vitro. This study, and ours, suggests that direct assay of cells immediately following isolation may be the best way to characterize macrophage function, even if sample purity may be questioned, largely because the macrophages contribute most to the profiles being detected. In any event, this study cautions that the assay procedures may affect the expression patterns of macrophages that may be used as a functional readout. of Health/National Cancer Institute (RO1 CA-101752) and Department of Defense (W81XWH-04-1-0126) to W.H.M.
